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Individuals  are  frequently  faced  with  risky  decisions  involving  the  potential  for both  gain
and loss.  Exploring  the  role  of  both  potential  gains  and  potential  losses  in  predicting  risk
taking is  critical  to  understanding  how  adolescents  and  adults  make  the  choice  to  engage
in or  avoid  a  real-life  risk.  This  study  aimed  to examine  the  impact  of  potential  losses  as
well  as gains  on  adolescent  decisions  during  risky  choice  in  a laboratory  task.  Adolescent
(n =  18)  and  adult  (n  = 16)  participants  underwent  functional  magnetic  resonance  imaging
(fMRI) during  a  mixed  gambles  task,  and  completed  questionnaires  measuring  real-world
risk-taking  behaviors.  While  potential  loss  had  a signiﬁcantly  greater  effect  on choice  than
potential  gain  in  both  adolescents  and adults  and  there  were  no behavioral  group  differ-
ences on the  task,  adolescents  recruited  signiﬁcantly  more  frontostriatal  circuitry  than
adults when  choosing  to  reject  a gamble.  During  risk-seeking  behavior,  adolescent  acti-
vation in  medial  prefrontal  cortex  (mPFC)  was  negatively  correlated  with  self-reported
likelihood  of risk  taking.  During  risk-avoidant  behavior,  mPFC  activation  of  in  adults  was
negatively correlated  with  self-reported  beneﬁts  of  risk-taking.  Taken  together,  these  ﬁnd-
ings reﬂect  different  neural  patterns  during  risk-taking  and  risk-avoidant  behaviors  in
adolescents  and adults.
© 2012 Elsevier Ltd. All rights reserved.1. Introduction
Adolescence is often described as a period of increased
risk-taking behavior (e.g. reckless driving, substance use,
risky  sexual practices) (Arnett, 1992, 1999; Dahl, 2004;
Steinberg, 2008). Many psychological theories of adoles-
cence  pose that a sense of invulnerability is normative in
this  developmental phase (e.g. Lapsley and Hill, 2010), and
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1878-9293/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.dcn.2012.09.007suggest that this causes adolescents to underweight possi-
ble  negative consequences when they make risky decisions.
However, economic models of risk-taking, such as prospect
theory (Kahneman and Tversky, 1979), have suggested that
losses  “loom larger” than gains for most individuals – the
aversiveness of a potential loss is greater than the desirabil-
ity  of an equal potential gain, a behavioral phenomenon
known as loss aversion. The relationships between theo-
ries  of risk originating in behavioral economics and those
originating in developmental psychology have not been
extensively studied, and integrating these literatures is
necessary to expand our understanding of the effects of
loss  on adolescent decision-making. Exploring the role of
both  potential gains and potential losses in predicting risk-
taking  is critical to understanding how adolescents and
adults  make the choice to engage in or avoid a real-life risk,
and  why these choices may  differ across development.
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Few behavioral studies of risk-taking behavior have
ocused speciﬁcally on adolescent responses to potential
oss. Both children and adults have been shown to be more
isk-seeking when choosing between a guaranteed small
oss  and the chance of a larger loss than when choosing
etween a guaranteed small gain and the chance of a larger
ain  (e.g. Levin and Hart, 2003; Levin et al., 2007); how-
ver,  in other studies this pattern has been observed only
n  adults (Weller et al., 2011) and in younger children (age
–8)  and older children (age 9–13) but not in adolescents
age 14–20) or adults (age 21–64) (Harbaugh et al., 2002).
n  a similar task where participants selected between two
ambles,  adolescents have been shown to prefer a lower
robability of a large loss to a higher probability of a small
oss,  but reverse this preference in the domain of gains (Rao
t  al., 2011). This response pattern is consistent with the
ame  economic theories that predict loss aversion, but loss
version  itself has not been measured in adolescents. One
tudy  (Harbaugh et al., 2001) found that both children and
dults  display similar levels of the endowment effect (a
ehavioral phenomenon where participants demand more
oney  to sell a good in their possession than to buy the
ame  good, which is typically believed to be driven by
oss  aversion); However, there remains the possibility that
oss  aversion in a risky context would differ from the risk-
ess  context in which the endowment effect is measured,
nd that loss aversion would show nonlinear developmen-
al trends. Therefore, the measurement of loss aversion
nd sensitivity to potential loss in adolescents remain an
mportant and open area of study.
Evidence from developmental neuroscience has mostly
ocused on rewards, and consistently demonstrates
ncreased neural sensitivity to gains during adolescence
but see Bjork et al., 2010, 2004). An early study of children
nd  adolescents responding to monetary gains and losses
ound  increased activation in ventral striatum (VS) and lat-
ral  and medial orbitofrontal cortex (OFC) for gains relative
o  losses (May  et al., 2004), a ﬁnding consistent with simi-
ar  studies conducted in adults (e.g. Delgado et al., 2000;
olls, 2000). In a direct comparison of children, adoles-
ents and adults responding to positive reward outcomes
f  varying magnitudes, adolescents showed signiﬁcantly
reater activation in VS relative to children and adults
Galván et al., 2006); this activation was associated with
elf-reported risk taking (Galván et al., 2007). Increased
S activation in response to reward for adolescents rel-
tive  to children and adults has been replicated in other
tudies (Geier et al., 2010; Van Leijenhorst et al., 2010a,b),
upporting an inverted U-shaped function of striatal sen-
itivity  to reward that peaks in mid  adolescence. Dual
ystems models of adolescent brain development (Casey
t  al., 2008; Steinberg et al., 2008) suggest that adoles-
ents show heightened reward sensitivity relative to other
ge  groups due to the late developmental trajectory of the
FC  and its interaction with maturational changes in the
triatum  across adolescence and into early adulthood.
These reward studies have led to important advance-
ents in understanding the role that potential gains play
n  risk-taking in adolescence. Surprisingly, however, the
ndings  are less clear about the role of potential losses
n  inﬂuencing adolescent risk-taking. Most fMRI studies ofCognitive Neuroscience 3 (2013) 72– 83 73
monetary  loss have focused on how the adolescent brain
responds to a loss outcome (Helﬁnstein et al., 2011; Van
Leijenhorst et al., 2010b) or to a cue predicting a loss (Guyer
et  al., 2006), but it is unclear how a potential loss may
sway risky choice in adolescents. Exploring the role of both
potential  gains and potential losses in predicting risk tak-
ing  is critical to understanding how adolescents and adults
make  the choice to engage in or avoid a real-life risk, why
these  choices may  differ across development, and how they
may  be inﬂuenced.
Tom  et al. (2007) examined the neural representation of
potential gains and potential losses during risky decision-
making using a mixed gambles task (gambles with a 50/50
chance  of a gain or loss of varying amounts) commonly
implemented in the behavioral economics literature (e.g.
Rabin  and Thaler, 2001; Tversky and Kahneman, 1992).
They  did not ﬁnd separate brain systems for gains and
losses, but found areas in the brain, including the VS,
ventromedial prefrontal cortex (VMPFC), ventral anterior
cingulate cortex (ACC), and medial OFC, that were sensi-
tive  to the potential for both gains and losses, in which
activation increased parametrically with increasing poten-
tial  gains and decreased parametrically with increasing
potential losses. Furthermore, the negative slope of the
decrease in activation in VS and VMPFC for increasing losses
was  greater than the corresponding positive slope of the
increase in activation in the same regions for increasing
gains; this ﬁnding was consistent with the pattern of loss
aversion, the tendency of individuals to prefer avoiding
losses over seeking gains, which has been demonstrated in
behavioral  research (Kahneman and Tversky, 1979, 1984).
In  the current study, our goal was  to investigate the
poorly understood impact of potential losses and loss aver-
sion  on adolescent decision making and neural response
using functional magnetic resonance imaging (fMRI) and
the  mixed gambles task described previously (Tom et al.,
2007).  We  aimed to examine the impact of potential losses
as  well as gains on adolescent behavior during risky choice,
and  to observe how behavioral and neural responses to
potential gains and potential losses differ between ado-
lescents and adults. We also investigated whether neural
responses to potential losses would be predictive of actual
risk-taking in these participants. We hypothesized that
adolescents would display less loss aversion than adults,
and  that their choices on the mixed gambles task would be
more  strongly inﬂuenced by potential gains. We  also pre-
dicted  that adolescents would show more activation than
adults  in VS and VMPFC when accepting gambles, and that
this  risk-based neural activation would be associated with
higher  self-reported risk taking. We  predicted that adoles-
cents  would reject fewer trials overall than adults, and that
when  rejecting gambles they would show more activation
in  prefrontal cortex than adults, consistent with requiring
greater behavioral inhibition to avoid risk-taking.
2. Methods2.1. Participants
Sixteen healthy right-handed adult participants (ages
25–30, mean age 28.1 years, SD = 1.8 years, and 9 females)
mental 74 E.E.  Barkley-Levenson et al. / Develop
and 19 healthy right-handed adolescent participants (ages
13–17,  mean age 15.5 years, SD = 1.3 years, and 10 females)
were recruited through poster and internet advertisements
approved through the UCLA Institutional Review Board
(IRB)  and through the Galván Lab participant database. All
participants provided informed consent, and participants
under the age of 18 provided assent while their parent or
guardian completed the informed consent procedure. Par-
ticipants  were excluded from participation if they had a
previous  diagnosis of psychiatric or neurologic illness or
developmental delay, were taking psychoactive medica-
tion  at the time of the study, or had metal in their bodies.
2.2.  Materials
2.2.1. Risk-taking measures
Participants  completed three self-report questionnaires
during an initial behavioral testing session. Both adolescent
and  adult participants completed the Adolescent Risk Tak-
ing  scale (Alexander et al., 1990), a 6-item scale in which
they  reported the number of times in their life they had
engaged in risky activities, such as shoplifting and riding
in  a car with a dangerous driver, by selecting from one of
three  options: “never,” “once or twice,” or “several times”.
Participants also completed the Domain-Speciﬁc Risk Tak-
ing  Scale (DOSPERT; Weber et al., 2002; Figner and Weber,
2011),  a well-validated 40-item measure of one’s perceived
risk  of, beneﬁt of, and likelihood of engaging in risky events.
Versions of the DOSPERT for adults, adolescents (ages
14–17) and children (ages 9–13) were administered based
on  participant age (Figner and Weber, 2011). For exam-
ple,  the child version of the DOSPERT investigates ethical
risk-taking by asking participants to consider the scenario,
“stealing someone else’s best friend,” while adolescents are
asked  to consider “dating someone else’s boyfriend or girl-
friend”  and adults are asked to consider “having an affair
with  a married man  or woman.” The DOSPERT uses a 7-
point  Likert scale for each of the assessment dimensions
(“not at all risky” to “extremely risky,” “no beneﬁts at all”
to  “great beneﬁts,” and “extremely unlikely” to “extremely
likely”) and includes scenarios in the domains of ﬁnancial,
ethical, recreational, social, and health risk.
2.2.2. Monetary experience questionnaire
For this study, we created a questionnaire to investigate
the valence and arousal of participants’ feelings toward
receiving $20 and the possibility of gaining or losing that
sum.  The purpose of this questionnaire was to encourage
participants to feel connected to the money with which
they were endowed during the behavioral testing session,
in  order to prevent the “house money effect” (increased
risk-taking behavior that is observed when the money at
stake  is not the participant’s own; Thaler and Johnson,
1990). In addition, the results of this questionnaire were
used  to verify that participants of different ages have a
similar  understanding of and appreciation for money. Par-
ticipants  responded to each question using a 5-point Likert
scale,  with each point represented by a face icon depict-
ing  the corresponding emotion (from a very unhappy face
to  a very happy face) or degree of arousal (from a very
calm face to a very excited face). In addition to reportingCognitive Neuroscience 3 (2013) 72– 83
these feelings, participants wrote a brief statement about
what  they would do with the money if they won it, and
answered questions about how much money they receive
from  employment, allowance, and other sources.
2.2.3. Mixed gambles fMRI task
During the fMRI scan, participants completed a novel
version of the mixed gambles task originally designed by
Tom  et al. (2007). The version implemented in the current
study was  modiﬁed to be developmentally appropriate,
through the addition of a scale showing the response
options at the bottom of each trial presentation and the use
of  white text on a black screen to avoid attentional biases
(see  Fig. 1).
In  the task, participants were presented with a series
of gambles with a 50% probability of gaining the amount
shown on one side of a “spinner” and a 50% probabil-
ity of losing the amount shown on the other side. During
the  response interval of 3000 ms,  participants responded
whether they accepted that gamble for real money, by
pressing one of four buttons corresponding to a 4-point
Likert scale (strongly accept, weakly accept, weakly reject,
and  strongly reject). Rather than a binary response, four
responses were used to make it more difﬁcult for partic-
ipants to default to a simple choice rule; this response
design was previously used in the task from Tom et al.
(2007). However, for data analysis purposes the responses
were binarized such that both strong and weak accept
responses were coded as 1 and both weak and strong reject
responses were coded as 0. The gain and loss amounts
were independently manipulated, with gain amounts ran-
ging  from +$5 to +$20 in $1 increments and loss amounts
ranging from −$5 to −$20 in $1 increments, for a total
of 144 trials. Randomly interspersed within these trials
were  24 gain-only trials and 24 loss-only trials, with val-
ues  drawn from the same range, for a total of 192 trials
across four runs. These gain-only and loss-only trials pro-
vided  conﬁrmation that participants were engaged with
the  task, as they should reject all loss-only trials and
accept all gain-only trials. The side of the “spinner” in
which  the gain and loss appeared and the order of the
stimuli was  counterbalanced across participants. A variable
“jittered” inter-stimulus interval then followed, averaging
2700 ms,  before the next gamble was presented in the same
fashion.
The  participants were informed that they would never
see  the outcomes of the gambles during the experiment,
and that at the end of the experiment one gamble would
be  selected at random to be played for real money. If
the  participant had rejected the selected gamble during
the  experiment it would have no effect on their payment,
and if they had accepted the gamble during the experi-
ment its outcome would be resolved through a random
coin-ﬂip program, with the participant winning or los-
ing  the amount in the gamble depending on the outcome
of  the coin ﬂip. Participants were told that they had the
opportunity to lose or gain up to $20 (based on the the-
oretical possibility that the gamble with the highest gain
or  highest loss could be selected) and that their payment
depended on their responses to the gambles in the task.
This  served to encourage participant engagement in the
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Fig. 1. Example of a trial from the mixed gambles task. Participants had 3000 ms  in which to respond to the gamble by pressing one of four keys. A jittered
inter-stimulus interval followed, after which participants viewed and responded to a new gamble. Participants did not experience the outcomes of the
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ask and convince them of the veracity of the experimental
rotocol. Participants were instructed to bring $20 (which
hey  were paid during the behavioral testing session) to
he  scan, which was matched by $20 of the experimenter’s
oney.
.3. Procedure
.3.1. Behavioral testing session
A behavioral testing session was held approximately
 week prior to the fMRI scan. All participants began
y completing the appropriate informed consent/assent
orm for their age group. Adult participants and the par-
nts/guardians of the adolescent participants completed
n  fMRI screening form and study intake form to ensure
articipant eligibility. All participants then completed a 1-
 behavioral testing session consisting of the Adolescent
isk Taking scale, the DOSPERT, and a brief index of IQ
i.e.  the Wechsler Abbreviated Scale of Intelligence, vocab-
lary  and matrix reasoning subscales, adolescent M = 104,
D  = 14.3, adult M = 110, SD = 15.2). Following completion
f the tasks, participants were paid $20. Participants were
nformed in advance of the risk of gaining or losing money
uring the fMRI portion of the experiment, as described
bove. Thus, the $20 constituted a portion of the partici-
ants’ payment for the entire experiment, while endowing
hem with the payment in advance was intended to prevent
he  “house money effect” from inﬂuencing their task per-
ormance. Participants completed the monetary feelings
uestionnaire after receiving their payment. Adolescent
articipants were acclimated to the scanning environment
ith a mock MRI  scanner and to hear the sounds of various
unctional and structural sequences.2.3.2. fMRI session
Approximately 1 week after the behavioral testing
session, participants returned for the fMRI portion of the
study,  which lasted ∼60 min. Prior to entering the scan-
ner, participants were instructed in the rules of the task
and  completed a block of 10 practice trials, ensuring that
all  participants understood the task fully. Participants had
the  opportunity to clarify any questions and to complete
the practice block again if further practice was needed. In
the  scanner, participants completed four 4-min runs of the
mixed  gambles task (48 trials per run, for a total of 192
trials). Participants viewed a movie while structural MRI
scans  were collected. Following completion of the scan,
participants were paid for their completion of the task;
payment was designed so that no participant actually lost
money,  ensuring that all participants received at least $25
for  their completion of the fMRI session (in accordance with
the  UCLA institutional review board payment scale). How-
ever,  to elicit naturalistic risk-taking behavior, participants
were unaware of this during completion of the loss aversion
task.
2.3.3.  Imaging procedure
Scanning  was performed on a 3-Tesla Siemens Trio MRI
machine in the Ahmanson-Lovelace Brain Mapping Cen-
ter  at UCLA. For the functional runs, 140 T2*-weighted
echoplanar images (EPIs) were collected (33 slices; slice
thickness, 4 mm;  TR, 2000 ms;  TE, 30 ms;  ﬂip angle, 90◦;
matrix,  64 × 64; and ﬁeld of view, 200). Two structural MRI
images  were collected as well: a T2-weighted matched-
bandwidth high-resolution scan (following the same slice
prescription as the EPIs) and a T1-weighted magnetization-
prepared rapid- acquisition gradient echo image (MPRAGE;
mental 76 E.E.  Barkley-Levenson et al. / Develop
160 sagittal slices; slice thickness, 1 mm;  TR, 2000 ms;  TE,
2100  ms;  matrix, 192 ×192; and ﬁeld of view, 256).
2.3.4. Imaging data preprocessing and analysis
Data preprocessing and analysis were conducted using
FSL  version 4.1 (www.fmrib.ox.ac.uk/fsl). Images were
motion-corrected using MCFLIRT and denoised using
MELODIC independent components analysis. Data were
smoothed using a 5 mm full-width-half-maximum Gauss-
ian  kernel and ﬁltered with a nonlinear high-pass ﬁlter
(66  s cutoff). A three-step registration process was  used
to  align individual participant data into standard Mon-
treal  Neurological Institute (MNI) space. EPI images were
ﬁrst  registered to the matched-bandwidth image, then
to  the MPRAGE image, and ﬁnally to MNI  space. Data
from participants whose head movements exceed 3 mm
in  translational or rotational movement was not included
in  the analyses. One adolescent participant was excluded
on  the basis of motion, and behavioral and neural analyses
were  completed using the remaining eighteen adolescent
participants (10 females, age M = 15.4 years, and SD = 1.4
years)  and all sixteen adult participants. For the par-
ticipants included, there were no signiﬁcant differences
between adolescents and adults in translational motion
(adolescent M = .17 mm,  SD = .15 mm,  adult M = .13 mm,
SD  = .10 mm,  t(32) = .980, p = .335) or rotational motion
(adolescent M = .003 mm,  SD = .003 mm,  adult M = .002 mm,
SD  = .001 mm,  t(32) = 1.468, p = .152).
Data analysis was conducted using FEAT, ﬁrst at an indi-
vidual  subject-level and then using a mixed-effects model
at  the group analysis level. Z-statistic images were thresh-
olded  at a cluster-level of z > 2.3 and a corrected signiﬁcance
threshold of p ≤ 0.05.
Statistical analyses were performed on each partic-
ipant’s data using a general linear model. For each
participant, we separately modeled the onsets of the tri-
als  they accepted and the trials they rejected, using a
1-s  duration. Six motion parameters were also included
as  covariates in the model for each run for each of the
participants. At the group level, the main effects of tri-
als  that participants accepted and trials that they rejected
were each modeled relative to an implicit baseline (all
remaining activation that is not explicitly included in the
model),  and contrasts between accepted and rejected tri-
als  were computed for all participants and independently
for adolescents and adults. In addition, whole-brain con-
trasts  between adolescents and adults were computed for
all  accepted trials and for all rejected trials separately using
two-tailed t-tests.
To  ensure that there were no baseline differences
between groups, we performed an analysis of resting acti-
vation  when the participant was viewing a blank screen
(i.e.  not performing the task). Participants viewed a blank
screen  at the end of each run after the last trial was com-
pleted. Because of the jittered design, the amount of time
from  the last trial until the end of the run ranged from
10 to 24 s on each run (M = 16 s). No signiﬁcant differences
in baseline activation were observed between adolescent
and adult participants. This analysis convinces us that the
observed  neural differences between groups is not drivenCognitive Neuroscience 3 (2013) 72– 83
by  baseline differences and instead are due to differences
in response to the task.
2.3.5.  Loss aversion
We  computed a behavioral measure of loss aversion
using logistic regression. This regression technique allows
for  the prediction of a binary response variable (i.e. the
choice to accept or reject each gamble, coded as 1 or 0) from
the  independent variables of gain amount and loss amount.
The  logistic regression yielded regression coefﬁcients (ˇ)
that  represent the size of the contribution of the gain
amount and loss amount to the participant’s decision. The
coefﬁcient of loss aversion, lambda () was  then calculated
from the regression coefﬁcients using the following for-
mula:   = −ˇloss/ˇgain.
Larger  values of  reﬂect greater sensitivity to losses
relative to gains, and values of  > 1 reﬂect loss aver-
sion. Correlational analyses were conducted to determine
whether loss aversion varied as a function of age. In addi-
tion,  we created a hierarchical linear model, with gain
amount and loss amount as level 1 predictors, age group
as  a level 2 predictor, and binary choice as the outcome
variable, to test whether the extent to which gain and loss
amounts  inﬂuenced choice differed between age groups.
3.  Results
3.1. Behavioral results
3.1.1.  Monetary experience questionnaire
Upon receiving the $20 endowment, adolescent and
adult participants reported similar levels of happiness
(adolescent M = 4.33, SD = .77, adult M = 4.12, SD = .89,
t(32) = .735, p = .467) and arousal (adolescent M = 2.89,
SD  = 1.08, adult M = 2.88, SD = 1.20, t(32) = .035, p = .972).
The  amount of monthly spending money participants
reported was not signiﬁcantly correlated with happi-
ness (adolescent r = −.003, p = .990; adult r = .028, p = .919)
or  arousal (adolescent r = −.024, p = .927, adult r = −.088,
p  = .746) upon endowment. Adolescent and adult par-
ticipants also did not differ from one another in their
happiness (adolescent M = 4.22, SD = .65, adult M = 4.25,
SD  = .68, t(32) = −.122, p = .904) or arousal (adolescent
M = 3.56, SD = .92, adult M = 3.38, SD = 1.10, t(32) = .524,
p  = .604) after receiving their payment for the task. Nei-
ther  adolescents nor adults showed a signiﬁcant difference
between their happiness upon receiving the initial endow-
ment  and upon receiving their ﬁnal payment (adolescent
t(17) = −.622, p = .542, adult t(15) = .620, p = .544). Both
groups reported greater excitement following receipt of
their  ﬁnal payment than their initial endowment (adoles-
cent  t(17) = 2.61, p = .018, adult t(15) = 3.16, p = .006); this
may  be due to the fact that the ﬁnal payment was  guar-
anteed, while the endowment was at risk during the task,
as  well as to the fact that all participants received more
than $20 as their ﬁnal payment (adolescent M = $26.89,
SD = $1.08, adult M = $27.81, SD = $1.42). Neither age nor
amount of money received had an effect on how happy
participants were after receiving payment for the task,
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age = .003, t(31) = .016, p = .987, bamount = .189, t(31) = .995,
 = .328.
.1.2. Risk taking questionnaires
Adolescent  and adult participants did not differ from
ne another in their total real-world risk-taking behav-
or  on the Adolescent Risk Taking scale (adolescent
 = 4.82, SD = 2.86, adult M = 5.81, SD = 2.74, t(31) = −1.01,
 = .318). On the DOSPERT scale, adolescent and adult
articipants showed no differences in their reported like-
ihood  of risk-taking (adolescent M = 3.40, SD = .69, adult
 = 3.56, SD = 1.18, t(32) = −.487, p = .630), perceived risk-
ness  (adolescent M = 4.32, SD = .77, adult M = 4.29, SD = .83,
(32)  = .097, p = .92), and perceived beneﬁts (adolescent
 = 2.84, SD = .77, adult M = 3.19, SD = .96, t(32) = −1.17,
 = .251).
For adolescent participants, scores on the Adolescent
isk Taking scale were positively correlated with perceived
iskiness (r = 484, p = .049), while for adult participants they
ere  positively correlated with likelihood of risk-taking
r  = .595, p = .015). When both age groups were combined,
dolescent Risk Taking scale scores correlated positively
ith both likelihood of risk-taking (r = .469, p = .006) and
erceived beneﬁts (r = .389, p = .025).
Across both age groups, male and female partici-
ants did not differ from one another in Adolescent
isk Taking scale scores (male M = 5.93, SD = 3.35, female
 = 4.78, SD = 2.21, t(31) = −1.19, p = .244), or DOSPERT rat-
ngs  of likelihood (male M = 3.64, SD = .82, female M = 3.34,
D  = 1.04, t(32) = −.909, p = .370), riskiness (male M = 4.35,
D  = .82, female M = 4.27, SD = .78, t(32) = −.284, p = .779), or
eneﬁts  (male M = 3.08, SD = .91, female M = 2.95, SD = .85,
(32)  = −.436, p = .667).
.1.3. Mixed gambles task
Adolescent  and adult participants performed similarly
n  the mixed gambles task. Independent samples t-tests
evealed that adolescents and adults showed no differ-
nces in reaction time to accept a gamble (adolescent
 = 1460 ms,  SD = 330 ms,  adult M = 1410 ms,  SD = 310 ms,
(32)  = .469, p = .642) or to reject a gamble (adolescent
 = 1460 ms,  SD = 310 ms,  adult M = 1330 ms,  SD = 270 ms,
(32)  = 1.362, p = .183). Adolescents and adults also did not
iffer  in the percentage of overall trials they accepted (ado-
escent  M = 35.9%, SD = 18.3%, adult M = 35.1%, SD = 14.0%,
(32)  = .149, p = .882) or in the mean expected value of
he  trials they accepted (adolescent M = $1.96, SD = $0.97,
dult  M = $1.88, SD = $1.14, t(32) = .208, p = .836) and the tri-
ls  they rejected (adolescent M = −$1.12, SD = $0.69, adult
 = −$1.06, SD = $0.83, t(32) = −.24, p = .81). In addition,
dolescents and adults did not differ in the percentage
f gain-only trials they accepted (adolescent M = 69.3%,
D  = 18.6%, adult M = 57.0%, SD = 28.0%, t(32) = 1.52, p = .138)
r  the percentage of loss-only trials they rejected (ado-
escent M = 87.2%, SD = 15.5%, adult M = 81.2%, SD = 16.3%,
(32)  = 1.11, p = .275). Taken together, these ﬁndings
emonstrate that adolescents and adults had a similar
nderstanding of the expectations of the task and com-
leted it in a similar way.
Performance on the mixed gambles task did not
how any sex differences. Female and male participantsCognitive Neuroscience 3 (2013) 72– 83 77
did not differ in their reaction times to accept (female
M = 1423 ms,  SD = 308 ms,  male M = 1447 ms,  SD = 337 ms,
t(32)  = −.224, p = .824) or to reject a gamble (female
M = 1370 ms,  SD = 262 ms,  male M = 1432 ms,  SD = 340 ms,
t(32)  = −.598, p = .554). They also did not differ in the per-
centage of overall trials they accepted (female M = 38.3%,
SD  = 14.7%, male M = 32.4%, SD = 17.6%, t(32) = .249, p = .291)
or  in the mean expected value of the trials they accepted
(female M = $1.85, SD = $0.90, male M = $2.00, SD = $1.20,
t(32) = −.402, p = .690) and the trials they rejected
(female M = −$1.13, SD = $0.61, male M = −$1.05, SD = $0.89,
t(32) = −.314, p = .755). Female and male participants did
not  differ in the percentage of gain-only trials they accepted
(female M = 64.3%, SD = 23.2%, male M = 62.7%, SD = 25.5%,
t(32) = .183, p = .856) or the percentage of loss-only trials
they  rejected (female M = 83.5%, SD = 16.5%, male M = 85.3%,
SD  = 15.8%, t(32) = −.330, p = .743).
3.1.4. Loss aversion
A  behavioral coefﬁcient of loss aversion () was com-
puted for each participant using the logistic regression
procedure described above. After the exclusion of one
statistical outlier from the adolescent population (who
accepted too few gambles to generate an accurate  term
using  logistic regression), no signiﬁcant differences in
loss  aversion were observed between adolescents (M = .99,
SD  = 1.98) and adults (M = 1.11, SD = 1.47), t(31) = −.205,
p  = .84. Both adolescents and adults demonstrated a range
of  behavioral patterns from loss seeking (willing to accept
gambles where the loss amount was greater than the gain
amount) to loss averse (only willing to accept gambles
where the loss amount was  less than the gain amount),
with coefﬁcients of loss aversion for adolescents between
−4.9  and 5.7, and those for adults between −3.0 and 3.3.
No  signiﬁcant differences in loss aversion were observed
between male participants (M = 1.05, SD = .70) and female
participants (M = 1.04, SD = 2.28), t(31) = −.016, p = .987.
Across all participants, hierarchical linear modeling
revealed a signiﬁcant effect of the slope of gains on out-
come  (  ˇ = .20, t(33) = 5.69, and p < .001) and the slope of
losses  on outcome (  ˇ = −.24, t(33) = −7.35, and p < .001),
where increasing potential gains increased the likeli-
hood of an accept response while increasing potential
losses decreased it (Fig. 2). Furthermore, post hoc analyses
revealed that the coefﬁcient for losses is signiﬁcantly differ-
ent  from the coefﬁcient for gains, 2(1) = 3.86, p = .047, such
that  increasing loss amounts have a signiﬁcantly greater
effect on choice than increasing gain amounts do. However,
age  group had no effect on the slope for gains (  ˇ = −.01,
t(32) = −.11, and p = .91) or for losses (  ˇ = −.04, t(32) = −.63,
and  p = .53).
3.1.5. Relationship between self-report questionnaires
and mixed gambles behavior
Across all participants, the percentage of mixed gam-
ble  trials that were accepted showed no signiﬁcant
correlation with scores on the Adolescent Risk Taking
scale (r = .124, p = .491) or with the DOSPERT likelihood
(r = .176, p = .326), perceived riskiness (r = −.031, p = .863),
or  perceived beneﬁts (r = .084, p = .636) scales. Similarly,
across all participants the coefﬁcient of loss aversion
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se choice
mounts Fig. 2. The effects of increasing gain amounts and loss amounts on respon
increased  the likelihood of accepting a gamble (A) while increasing loss a
slope  for losses was  signiﬁcantly greater than that for gains.
did not correlate with Adolescent Risk Taking (r = .106,
p  = .563), likelihood (r = .090, p = .620), perceived riskiness
(r  = .009, p = .959), or perceived beneﬁts (r = .182, p = .310)
scores. When the data for adolescent and adult partici-
pants are analyzed separately, these correlations remain
not  signiﬁcant.
3.2.  fMRI results
3.2.1.  Accept trials
On  trials in which participants accepted the presented
gambles, signiﬁcant activation was observed relative to
an  implicit baseline. Whole-brain omnibus analyses of the
contrast  of Accepted Trials > Baseline revealed activation
in  anterior cingulate cortex (ACC), frontal pole, VS, insula,
precentral gyrus, and occipital cortex (see coordinates in
Table  1). Direct comparisons to investigate sex differences
revealed signiﬁcantly greater activation for male partici-
pants  than female participants in ACC, precuneous corex
and  cerebellum (see coordinates in Table 1). Direct group
comparisons between adolescents and adults for the con-
trasts  Accepted Trials > Baseline revealed no signiﬁcant
differences in activation between adolescents and adults
on  accept trials.
3.2.2.  Reject trials
On  trials in which participants rejected the presented
gambles, signiﬁcant activation was observed relative to
an  implicit baseline. Whole-brain omnibus analyses for
the  Rejected Trials > Baseline contrast revealed activation
in  regions similar to those observed for accepted trials
(ACC, frontal pole, VS, insula, precentral gyrus, occipital
cortex; see coordinates in Table 1). Direct comparisons to
investigate sex differences revealed signiﬁcantly greater
activation for male participants than female participants
in frontal pole and cerebellum (see coordinates in Table 1).
Direct  group comparison between adolescents and adults
for  the contrast Rejected Trials > Baseline revealed signiﬁ-
cantly  greater activation for adolescents than for adults in
the  left caudate (peak activation at x, y, z MNI  coordinates in
mm:  −16, 18, 18), bilateral frontal pole (0, 64, 8), and right for adolescents and adults. For both age groups, increasing gain amounts
decreased the likelihood of accepting a gamble (B). The magnitude of the
occipital pole (−12, −94, 18) (Fig. 3). Signiﬁcantly greater
activation was  observed for adults than for adolescents in
the  postcentral gyrus (−54, −20, 28).
3.2.3. Contrasts between accepted and rejected trials
To  examine the speciﬁc activation to accepted tri-
als compared to rejected trials, a contrasts of Accepted
Trials > Rejected Trials and Rejected Trials > Accepted Tri-
als  were examined. Signiﬁcantly greater activation was
observed for accepted trials than for rejected trials in
bilateral ACC, right VS, bilateral angular gyrus, bilateral
superior frontal gyrus, and right middle frontal gyrus,
while signiﬁcantly greater activation was  observed for
rejected trials than for accepted trials in left temporal
pole, left postcentral gyrus, right superior frontal gyrus,
and  left hippocampus (Table 1). Direct comparisons to
investigate sex differences revealed signiﬁcantly greater
activation for male participants than female participants
in angular gyrus for the contrast Accepted Trials > Rejected
Trials (Table 1). No signiﬁcant differences between male
and  female participants were observed for the contrast
Rejected Trials > Accepted Trials. Direct group compar-
isons between adolescents and adults for the contrasts
Accepted Trials > Baseline, Accepted Trials > Rejected Trials,
and  Rejected Trials > Accepted Trials revealed no signiﬁcant
differences in activation between adolescents and adults.
3.2.4.  Neural activation and risk-taking
To initially investigate the relationship between neural
activation on the mixed gambles task and the DOSPERT as a
measure  of real-life risk-taking, whole brain analyses were
conducted for the entire sample. Whole-brain omnibus
analyses revealed a negative correlation between scores
on  the DOSPERT likelihood scale and activation in the supe-
rior  frontal gyrus for both accepted trials and rejected trials
(see  coordinates in Table 2). Whole-brain omnibus analy-
ses  also revealed a negative correlation between scores on
the  DOSPERT beneﬁts scale and activation in paracingu-
late gyrus, superior frontal gyrus, lateral occipital cortex,
and  postcentral gyrus for rejected trials, and between
DOSPERT beneﬁts scores and activation in paracingulate
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Table 1
Signiﬁcant regions identiﬁed in whole-brain analyses for accepted and rejected trials and contrasts.
Region X Y Z Max  Z
Accepted trials
Occipital  cortex R/L 26 −90 −12 9.50
−18  −98 0 8.40
Frontal pole R/L 46 36 20 6.75
−46 36 20 5.14
Precentral gyrus R/L 46 6 26 7.41
−58  6 30 6.18
Anterior cingulate cortex R/L 10 30 20 5.66
−8  26 28 4.98
Ventral striatum R/L 18 14 −2 7.08
−20  6 4 7.12
Insula R/L 42 −2 8 3.65
−42  −4 8 5.85
Accepted trials – men > women
Anterior cingulate cortex R 12 34 16 3.74
Precuneous cortex R 6 −60 38 3.63
Cerebellum L −28 −56 −44 3.48
Rejected trials
Occipital cortex R/L 26 −90 −10 8.98
−18  −98 0 8.57
Frontal pole R/L 52 40 18 6.14
−40  40 14 4.94
Precentral gyrus R/L 48 8 28 7.25
−44  4 28 6.87
Anterior cingulate cortex R/L 6 24 32 6.48
−4 22 34 6.92
Ventral striatum R/L 20 10 2 6.45
−22  8 −4 6.70
Insula R/L 42 0 4 4.06
−42  4 0 4.51
Rejected trials – men > women
Frontal  pole R 32 40 32 3.72
Cerebellum L −50 −50 −44 3.66
Accepted > rejected
Angular gyrus R/L 42 −56 44 5.09
−42  −58 50 5.37
Middle frontal gyrus R 40 26 46 4.32
Superior frontal gyrus R/L 22 30 50 3.89
−18  28 50 4.30
Anterior cingulate cortex R/L 12 34 18 4.11
−6  40 16 4.22
Ventral striatum R 12 16 0 4.60
Accepted > rejected – men  > women
Angular gyrus R/L 46 −50 40 2.61
−32  −72 46 2.25
Rejected > accepted
Temporal pole L −44 10 −40 4.10
12 
62 
26 
g
n
b
s
r
r
a
a
a
R
tPostcentral gyrus L −
Superior temporal gyrus R 
L  hippocampus L −
yrus and postcentral gyrus for accepted trials (see coordi-
ates  in Table 2). No signiﬁcant correlations were observed
etween neural activation and scores on the DOSPERT risks
cale  for either trial type.
In order to investigate age-related differences in the
elationship between neural activation on the task and
eal-world risk-taking (as measured by the DOSPERT), sep-
rate  whole-brain regression analyses were conducted for
dolescents  and adults (Fig. 4). For adults, a signiﬁcant neg-
tive  correlation was observed between activation from the
ejected  Trials > Baseline contrast and the beneﬁts of risk-
aking  DOSPERT scale in medial prefrontal cortex (mPFC;−38 56 4.16
−14 0 3.42
−14 −24 3.48
peak  voxel x = −2, y = 48, and z = 34) and precentral gyrus
(x  = 34, y = −34, and z = 70). This relationship was not signiﬁ-
cant  for adolescent participants. A Fisher’s z transformation
revealed that the peak voxel correlation between mPFC
and  the DOSPERT beneﬁts scale was  signiﬁcantly greater
for  adults (r = −.791, p < .001) than adolescents (r = −.164,
p  = .517), z = −2.398, p = .016. In adolescents, there was a
signiﬁcant negative correlation between activation from
the  Accepted Trials > Baseline contrast and the likelihood of
risk-taking  DOSPERT scale in mPFC (x = 4, y = 26, and z = 42).
This  relationship was  not signiﬁcant for adult participants.
A  Fisher’s z transformation revealed that the peak voxel
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Fig. 3. The contrast Rejected Trials > Baseline for Adolescents > Adults. (A) Greater activation is observed in adolescents than adults in the frontal pole,
p  < .001, cluster size = 1080 voxels. (B) The difference in percent signal change between the two age groups is shown for 6-mm spherical ROI centered on
the  local maximum peak voxel in the frontal pole (B; x = 30, y = 50, and z = 38). (C) Greater activation is observed in adolescents than adults in the caudate,
e betw
ll activap  < .02, cluster size = 486 voxels. (D) The difference in percent signal chang
local  maximum peak voxel in the caudate (D; x = −16, y = 18, and z = 18). A
correlation between mPFC and the DOSPERT likelihood
scale was signiﬁcantly greater for adolescents (r = −.831,
p  < .001) than adults (r = −.095, p = .727), z = −2.893, p = .004.
There were no other signiﬁcant correlations for adults
between neural activation and the DOSPERT risks scales
when  rejecting trials, nor were there signiﬁcant correla-
tions between neural activation and any of the DOSPERT
scales when accepting trials. For adolescents, there were
no  signiﬁcant correlations between neural activation and
any  of the DOSPERT scales when rejecting trials, nor were
there  signiﬁcant correlations with the DOSPERT likelihood
or  risk scales when accepting trials.
Table 2
Regions identiﬁed in whole-brain analyses that correlate negatively with scores on
trials.
Measure Region 
Accepted trials
DOSPERT likelihood Sup. frontal gyrus R/L 
DOSPERT beneﬁts Paracingulate gyrus R/L 
Postcentral  gyrus R
Rejected trials
DOSPERT likelihood Sup. frontal gyrus R/L 
DOSPERT beneﬁts Paracingulate gyrus R/L 
Sup.  frontal gyrus R 
Lat.  occipital cortex L 
Postcentral  gyrus R een the two  age groups is shown for 6-mm spherical ROI centered on the
tion is cluster corrected for multiple comparisons.
4. Discussion
The behavioral ﬁndings from this study are the ﬁrst
to  directly compare quantiﬁable measures of adolescent
and adult loss aversion under risk. We  found that adoles-
cents and adults are similarly loss-averse when considering
mixed gambles. Across age groups, loss amounts were
shown to have a greater impact on choice than gain
amounts. While prospect theory has established that
losses loom larger than gains during adult decision-making
(Kahneman and Tversky, 1979), these ﬁndings suggest
that the same dictum can hold true for adolescents as
 DOSPERT scales (likelihood, beneﬁts and risks) for accepted and rejected
X Y Z Max Z
2 46 36 4.11
−6  38 34 4.21
8 36 38 4.57
−2  46 34 4.21
52 −12  58 3.79
6 50 26 4.40
−2  42 34 4.19
8 40 34 4.54
−4  38 32 4.48
−20 28 46 3.99
−60 −68 26 4.50
52 −12 58 4.34
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Fig. 4. (A) Peak voxel neural activation in MPFC (cluster size = 436 voxels, p < .03) and precentral gyrus (cluster size = 704 voxels, p < .01) in the Rejected
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rrials  > Baseline contrast correlated negatively with self-reported beneﬁt
n  adolescents (right). (B) Peak voxel neural activation in MPFC (cluster
egatively with self-reported likelihood of risk-taking (measured on a Lik
ell. Although initially surprising, this ﬁnding is consis-
ent  with the idea that adolescents and adults do not differ
n  risk perception or appraisal (Steinberg, 2004). Because
isk  aversion is generally considered to be caused by loss
version (Kobberling and Wakker, 2005), behavioral simi-
arities  in aversion to loss may  contribute to adolescents
isplaying the same cognitive understanding of risk as
dults.
Adolescents and adults performed similarly on other
ehavioral measures of the mixed gambles task as well;
hey  accepted and rejected similar proportions of mixed
ambles, and did not differ signiﬁcantly in the expected
alue of the trials they accepted and rejected. Although
hese ﬁndings deviate from our initial hypotheses, they
re  consistent with other gambling tasks that have not
bserved behavioral differences between adolescents and
dults  (e.g. Bjork et al., 2004; Eshel et al., 2007). The lack of
ehavioral differences observed on the mixed gambles task
ay  be explained by the theory that performance on these
ypes  of tasks reﬂects maturity in risk perception among
dolescents; because they perceive risk similarly, adoles-
ents  and adults are willing to accept similar amounts of
isk  on this risk-taking task. It is also interesting to note that
egardless of age, the behavior of participants on the non-
ixed  gambles (gain-only and loss-only) deviated from
hat  would be considered normatively optimal by accept-
ng  a small percentage of loss-only trials and rejecting a
mall  percentage of gain-only trials. These deviations may
ave  been due to the difﬁculty of overriding a prepotent
esponse of evaluating mixed gambles, since gain-only and
oss-only  trials made up only 25% of all trials in the task (i.e.
articipants may  have responded to the trials as though
hey were mixed gambles, and only realized their error
fter  responding).
While adolescents and adults responded similarly to
ixed  gambles on a behavioral level and used a similar neu-
al  network while accepting gambles during the task, they-taking (measured on a Likert scale from 1 to 7) in adults (left) but not
59 voxels, p < .001) in the Accepted Trials > Baseline contrast correlated
e from 1 to 7) in adolescents (left) but not in adults (right).
demonstrated different underlying neural responses to the
process  of rejecting gambles. Though they rejected the
same  proportion of trials as adults, adolescents displayed
greater corticostriatal recruitment (i.e. greater activation
in  the caudate and frontal pole) than adults to achieve this
behavioral performance. These ﬁndings suggest a differ-
ence  in neural development during the avoidance of risk;
although neuroimaging studies have examined the choice
between risky and certain options in gambling tasks (e.g.
Levin  and Hart, 2003), this study directly explored the
choice between accepting and avoiding risk in adolescents
and adults. It is possible that adding affectively arousing
components to a choice (e.g. peer inﬂuences, dynamic task
designs  that increase tension and exhilaration) overwhelm
the  reward-sensitive regions of the adolescent decision-
making system and lead to increased risk-seeking behavior,
similar to the elevated risk-taking observed in other arous-
ing  tasks (Gardner and Steinberg, 2005; Figner et al., 2009).
Similarly, although men  and women  did not differ on their
behavioral task performance, men  showed greater neu-
ral  activation than women  in a variety of regions during
multiple aspects of the task. Interpreting these differences
is  challenging due to their domain-generality and limited
power, but such ﬁndings are consistent with the obser-
vation of greater neural activation for men  than women
across regions during multiple cognitive tasks (Bell et al.,
2006)  and reward-seeking tasks (Lighthall et al., 2012; but
cf.  Lee et al., 2009).
In  addition, the relationship between measured real-
world risk-taking and reported perceptions of risk-taking
differed between adolescents and adults. For adults, the
likelihood of risk-taking measure of the DOSPERT pre-
dicted reported real-world risk-taking on the Adolescent
Risk Taking scale. For adolescents, likelihood was not
associated with real-world risk-taking; instead, scores on
the  Adolescent Risk Taking scale were positively corre-
lated with perceived riskiness. Because most of the risky
mental 82 E.E.  Barkley-Levenson et al. / Develop
behaviors measured on the Adolescent Risk Taking scale
typically only occur during adolescence (e.g. sneaking out
of  the house, acting on a dare), these ﬁndings may  cap-
ture  separate aspects of the experience of risk-taking across
development. The adult data suggest that having had a
propensity for risk-taking in adolescence is related to hav-
ing  a propensity for risk-taking as an adult. For adolescent
participants, who are still in the process of establishing
their risk-taking tendencies, a different relationship is seen.
Adolescents who identify the most risk in situations are
also  those who are most likely to have engaged in typically
adolescent risk behaviors, suggesting that they may  in fact
actively  seek out risky activities while having accurate risk
perceptions, consistent with other studies of adolescent
risk behavior (Reyna and Farley, 2006; Steinberg, 2004).
The  relationship between behavioral measures of risk-
taking and neural activation while accepting and rejecting
gambles also differed for adolescents and adults. For ado-
lescents, higher reported likelihoods of risk-taking were
associated with decreased MPFC activation when accepting
gambles. For adults, no neural activation correlated with
likelihood of risk taking. In adults, higher reported ben-
eﬁts  of risk-taking were associated with decreased MPFC
activation when rejecting gambles, but no relationship was
seen  between neural activation and beneﬁts of risk-taking
in  adolescents. These ﬁndings suggest that developmen-
tal changes in both brain and behavior may  lead to shifts
in  what information is most important to individuals when
assessing  risk. Because the MPFC has been implicated in the
representation of value during risky decision-making (e.g.
Hare  et al., 2008; Levy et al., 2010), this ﬁnding may  suggest
that  adolescents who are more inclined toward real-world
risk-taking rely less on value assessments when evaluat-
ing  choices than less risk-prone adolescents do. Risk-taking
adolescents may  rely instead on “hot” cues such as affective
arousal that are not captured by the mixed gambles task.
Future  studies are necessary to test this possibility.
The experimental paradigm employed here has sev-
eral  strengths. It provides the opportunity to observe both
risk-seeking and risk-averse behaviors, and because each
gamble  is treated as an independent event and the out-
comes of the gambles are not displayed, the results are
not  confounded by prediction error or learning. However,
the  procedure also has some limitations. Although ado-
lescent and adult participants reported similar emotional
responses to receiving their monetary endowment for the
task,  it is still possible that monetary risk is less meaningful
for  adolescents than adults because they are responsi-
ble for fewer expenses in their daily lives. In addition,
the relatively small sample size in this study precluded
examination of age-related differences within the ado-
lescent population. Other studies have observed peaks in
risk-taking behavior and neural reward sensitivity dur-
ing  middle adolescence (e.g. Van Leijenhorst et al., 2010a),
which  a larger adolescent sample would provide the oppor-
tunity  to explore.
This  study provides valuable insight into the differing
patterns of neural activation underlying behaviorally sim-
ilar  levels of loss aversion in adolescents and adults. The
increased neural activation required by adolescents to per-
form  in an adult manner on a non-emotionally arousingCognitive Neuroscience 3 (2013) 72– 83
task  may  help to resolve some of the mixed ﬁndings within
the  adolescent risk-taking literature: adolescents may  have
the  ability to refrain from elevated levels of risk-taking, but
require  additional cognitive and neural resources to do so.
Contrary  to the popular perception of adolescents as disre-
garding  the potential negative consequences of risk-taking,
these behavioral and neural ﬁndings suggest that adoles-
cents  can be averse to loss and adept at risk avoidance.
For adolescents, the choice to take a risk may  be weighted
by  the addition of social or affective factors under certain
experimental tasks or real-world circumstances. Recog-
nizing the interplay of these systems, and the conditions
that may  bias adolescents toward successful avoidance
or maladaptive seeking of risk, is a critical step toward
understanding when and how to intervene in adolescent
behavior to encourage healthy outcomes.
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